In this paper I will survey the field ofion-exehanged glass waveguide lasers and amplifiers. Ion-exchanged waveguide devices have significant virtues, such as low propagation losses and suitability for mass production. The progress in realising lasers and amplifiers has been impressive, but more work is needed to produce commercially viable devices.
INTRODUCTION
This paper is an overview ofthe field ofwaveguide lasers and amplifiers fabricated by ion-exchange in glasses. Other types of host -insulating crystals and semiconductors -and methods ofwaveguide fabrication will be considered only insofar as they represent competing technologies for the fabrication ofwaveguide lasers and amplifiers. I will also largely restrict the discussion to lasers operating rn a single transverse mode.
Lasers are of interest in a number of applications; as signalling sources for telecommunications, in materials processing and in analytical applications such as spectroscopy and environmental sensing. Their desirable properties include high brightness and high coherence, which make them more than just intense light sources. By far the most numerous and lowest cost type of laser is the laser diode (LD), which has relatively poor output beam geometry. Waveguide lasers based on rare-earths are well-suited as means for converting LD power into a guided mode at a desirable wavelength, while in principle maintaining compactness, robustness and relatively low cost. Applications of immediate interest include multiline sources in the l500nm telecommunications window for wavelength-division-multiplexed (WDM) networks, blue sources for high-density data storage and visible sources for display. Each ofthese applications demands high quality output with good wall-plug efficiency and low cost; equally important, each application could represent amass market where economies ofscale and integration may be realised. As an integrated optics technology, ion-exchanged waveguide fabrication lends itself to such economies of scale.
Optical amplifiers are also a very atiractive technology, with the erbium-doped fibre amplifier (EDFA) standing out as a particular success story. There are still unfilled requirements for an optical amplifier operating in the l300nm telecomms window, a window used by most installed fibre. Erbium-doped planar amplifiers (EDPAs) also appear an attractive proposition, especially if they can be realised in an integrated form incorporating other ftinctions useful in an optical network, such as passive splitters and WDM devices. As will be seen below, this initial attraction is dimmed by the consideration that EDPAs must be quite inexpensive in order to be viable, since their cost in an optical network is typically shared by only a few consumers. While this proximity to the customer implies large markets and economies of scale, the cost of an erbium-doped amplifier is dominated by the pump laser diode, and is thus insensitive to improvements in EDPA technology.
Driven by these considerations, the bulk of work in waveguide lasers and amplifiers has focussed on neodymium-or erbiumdoped systems. Nd3 has an efficient 4-level system emitting around lO6Onm; while there is little demand for this specific wavelength range, the system is often used for applications demanding high power lasers. Er3 is important because it has an emission band covering the wavelength range of the third telecomms window.
In considering the status of work in ion-exchanged devices, comparison should be made not only with other waveguide technologies, but also with equivalent fibre-based devices. Fibres have a number of advantages, including extremely low propagation losses, ease offabrication both of the basic fibre and ofFabry-Perot cavities, and ease of splicing to other fibre components to build up complex devices. Fibre structures are not necessarily less compact than integrated devices, unless waveguides ofvery high NA are used. Thus in considering the virtues ofan EDPA, for example, one must always ask whether a better solutionmay notbe to splice a piece oferbiuzn-dopedfibre onto a planar structure. The ultimate advantages of waveguide devices may lie in the possibility ofusingmaterial with valuable properties that cannot conveniently be reproduced in silica fibre, or mievels ofintegration so complex that the device cannot reliably be realised with high yield in a bulk fibre-.based form. This is a challenging prospect; for example, fibre-based splitters based on concatenated lx2 couplers remain competitive up to high splitting ratios.
WAYEGUIDE FABRICATION BY ION-EXCHANGE
Ion exchange involves a local change in composition, which is brought about by mass transport driven by thermal or electric field gradients or some combination ofthe two, constrained in general by a mask which defines the regions altered. The change in compositionleads to a change in mdcx, and thus to waveguiding in a region ofsuitable geometry. Ion exchange assumes a host structure in which there is some form of network, rigid and covalently bonded, through which mobile ions can move. The technique is thus particularly appropriate for silicate and phosphate glasses, which have this structure. A similar process can be carried out on crystals such as lithium niobate and potassium titanyl phosphate (KTP). Ion exchange thus stands in contrast to fabrication techniques which "sculpt' the index distribution, generally through some kind ofetching of a deposited film; it is more similar to ion-implantation, but involves processes which are much less energetic and thus less damaging to the host.
As a diffusive process which does not damage the host network, ion exchange tends to produce smooth, well-graded structures, withfairlylowpropagationlosses. Since ion exchanged waveguides are usually produced by alteration ofthe glass suiface through contactwith a molten salt bath or metal film, the propagation losses can be reduced ftirther by burial ofthe waveguide, in which an electric field is applied to drag the altered zone into the glass host, the surface composition being reconstituted by simultaneous immersion in a bath ofthe appmpriate salt mixture. By moving the optical field away from the relatively rough surface, and by allowingfiirther smoothing ofthe pmfile, burial leads to waveguides with extremely low losses, claimed to be around 0.01 dB/cm. While not approaching the losses ofoptical fibres, these are the best values claimed for integrated optics. It should be noted that vet), similarvalues have been obtainedfor waveguides made by entirely different methods, involving flame-hydrolysis deposition followed by etching to defme the confined waveguide.' For all techniques, propagation losses in rare-earth-doped glasses turn out to be substantially higher than in undoped glasses.
Another consequence ofthe smoothing effect ofdiffusion is that it is not possible to make short-range structures; in particular, it is difficult in surface waveguides to make gratings with large K-vectors, such as 500nm-period Bragg reflectors for l500nm applications, and impossible in buried waveguides. Moreover, while burying waveguides reduces their losses, it also renders their evanescentflelds inaccessible. On the other hand, the diffusive smoothing assists the realisation ofadiabatic transitions between integrated components.
One ofthe advantages ofion exchange is that it appears suitable for a wide range ofglasses. However, it is necessary that the ions in the raw glass and in its ion-exchanged composition be immobile at normal temperatures, so that devices will last up to the 20 years demanded bythe telecomms industry, while becoming sufficiently mobile at elevated temperatures for acceptable processing times. In practice, only the monovalent ions, especially the alkaline cations, meet these criteria; bivalent and trivalent ions will not difi1se appreciably under concentration gradients at whatever temperature, and the electric fields required to move them can alter the glass network structure. Exceptionally, exchange of monovalent anions has been used in fabricating waveguides in fluoride glass substrates2 The limited choice of exchangeable mobile ion pairs leads to a similarly limited maximum index change (sn). Thallium and silver ions lead to the largest n when exchanged with Na or K. Thallium is highly toxic, and demands great care in handling; despite this, it has been the basis of a successful industrial process developed by Corning Europe for the fabrication of passive splitters. Silver ions have a tendency to reduce to metallic silver, leading to high propagation losses. Nevertheless silver exchange also forms the basis of an industrial process, being used by JOT of Germany to make passive splitters.
Thus a successfiil ion exchange process, which leads to reproducible, stable, low-loss waveguides demands control ofhost glass composition and much effort to determine the ideal processing conditions oftemperature and salt-bath composition, as well as the development ofcompatible maskingprocedures.3 For example, the fabrication ofsilver-exchanged waveguides in Nd3-doped glass, leading to the demonstration oflasing atthree wavelengths, required a special host glass with reduced levels offining agent. 4 Amajor drawback arising from the compositional constraints is that ion-exchanged waveguides cannot be directly bonded to silica-basedflbres, whereas it is conceivable that silica-based waveguides -produced for example by flame-hydrolysis deposition5 or PECVD6 -may in principle be fusion-bonded.
The mobility properties ofthe ions make localised post-annealing possible, because the ions will move appreciably only where the temperature is high enough. This has been exploited several times very successfully to make tapers, permitting good coupling to single-mode fibres at the waveguide input while retaining the desirable features ofa high NA guide away from the input.79 Such processingmay have further possibilities, permitting perhaps the trimming ofcouplers and other structures under the influence oflocalised heating, for example from a CO2 laser.
Despite reports to the contraiy10 the trivalent rare-earth ions are effectively immobile, and it is not possible to use ion exchange to localize rare-earth doping. In ion-exchanged rare-earth-doped glass waveguide devices, the host is almost invariably bulkdoped with the rare-earth, the only exception being the use of ion-implantation of erum' Where the rare-earth ion is used as a 3-level system, as is the case with this leads to problems ofsignal reabsorption in the modal tails, as will be discussed in more detail below. This inevitably hampers the performance ofEr-doped ion-exchanged devices, but with a 4-level system such as Nd3 lasing around lO6Onm, this is not an issue.
ION-EXcHANGED WAVEGUIDE LASERS AND AMPLIFIERS
Laser and amplifierwaveguide devices are likely to be technologically attractive only to the extent that they can be integrated with other components to make integrated optical circuits with high added value. I thus preface the discussion ofthe work in this field with a briefoverview ofthe kinds of passive waveguide component that have been demonstrated, even when they have not been combined with an active section. I continue by considering the basic systems that have been made to lase or amplify in ionexchanged waveguides. Finally, I summarize the work that has been done to combine active components with passive structures to realise more specific functions, and in some cases to test the resulting devices as part of an optical system.
Ion-exchanged passive devices
A number ofpassive components in ion-exchanged format have been reported, most of them several times using various ion/host systems. One of the simplest is the y-junction which acts as a lx2 power splitter;'2 cascades ofy-junctions have been used to realise a 1x2" power splitter, with n up to 5. Two y-junctions arranged head-to-tail produce a basic Mach-Zehnder interferometer.
Directional or proximity couplers rely on exchange ofpower between two modes in adjacent waveguides to pennit wavelength-multiplexing or demultiplexing.'5 Geometrical and stress-induced birefringence have been exploited to realise polarisation filters.'6 Other useful structures include heating elements for thermooptic tuning7 which have some applications despite millisecond response times, and etched'8 and photoinduced Bragg gratings.'9 Light sources2° and photodetectors2' have also been mounted to ion-exchanged waveguides.
The basic elements listed above have been used to fabricate some sophisticated devices, such as ring resonators,22 a Michelson interferometer,n and wavelength-division multi/demultiplexers, for use, for example, with EDFAs.24 In many cases,insertion losses have been reduced with extra features, such as staggered waveguide transitions,24 to allow for modal shifts in bends, and thermal mode-expanding tapers, to match integrated optical elements to fiber pigtails.79
Complex integrated circuits require the kind of components listed above, but the insertion losses must be low if a number of them is to be combined. Moreover, the components must fit into the limited real estate available on glass substrates; while bent waveguides can be used to keep the length within limit, the area occupied by a complete circuit must be small, so that the cost advantages of fabncating a large number of devices on a single substrate can be realised. This makes it desirable that the size of each component be minimized.
Basic ion-exchanged lasers and amplifiers
Various ion-exchanged lasers and amplifiers have been developed over the past seven years. The first results were obtained with Nd3 operating as a 4-level system. E? -doped devices took longer to develop, and face competition from E? /Yl co-doped systems which have a number of advantages. All ion-exchanged lasers have employed rare-earth ions as their active elements; an introduction to the main aspects ofthe spectroscopy ofrare-earth-doped materials can be found in Yen and Selzer. Note that glasses are not only the natural substrates for ion-exchanged waveguides, they are also good hosts for rare-earth dopants, since their disordered structure leads to spectral smoothing through inhomogeneous broadening, and intrinsic polarisation independence. There is one draWback which glass-basedfibres and integrated optics share -the lack ofsecond order non-linearity, which implies lack ofelectrooptic device control.
Nd-doped lasers and amplifiers
The first report of any planar waveguide in an active medium was published in 1985,26 d described the behaviour of Ag+-K+ ion-exchanged multimode planar waveguides in Nd3-doped silicate glass. A small gain was seen, and further work was done on a similar system.27 However, the honour offorming the first waveguide laser went four years later not to an ion-exchanged device but to aflame-hydrolysis-deposited Nd3-doped silica-on-silicon waveguide,5 lasing at 1064mn. This was closely followed by a report oflasing in a Ti-diffused waveguide on lithium thobate. In the next year, ion-exchanged Nd3 lasers were demonstrated in phosphate,29 borosilicate° and silicates'
hosts. All these devices operated in the single-mode regime. With the basic principle thus well-established, the various groups developed more advanced devices. Pumping by GaAs laser diodes was shown to be possible, thanks to low lasing thresholds.32 The l300nm transition was made to lase, despite the problems ofexcited state absorption,4'" and lasing was also achieved at the difficult 3-level transition at 906nm.4
Work on Nd3-doped waveguide lasers has moved beyond proof-of-principle to the development of more highly functional integrated sources, as will be discussed in 3.3. There are as yet no commercial applications for simple Nd3-doped waveguide sources; in the interim, however, bulk laser diode-pumped microchip lasers have become strikingly successful as commercial products. They are relatively easy to fabricate and extremely robust; they produce high output powers in high quality beams. In contrast, waveguide lasers do not readily produce the same power levels, being limited to less than about 100mW. Moreover, there is no specific demand for high-quality fibre-coupled light in the lO6Onm region.
There have been some reports ofoptical amplifiers at lO6Onm based on Nd3-doped ion-exchanged waveguides.3538 The 4-level Nd3 system with its high cross-sections and high maximum doping levels lends itself to the easy fabrication of high-gain amplifiers, and power at the pump wavelength of8lOnm is inexpensively available from GaAs laser diodes. Nevertheless, the lack oftelecommunications applications in this wavelength region reduces the drive to explore this area; perhaps such amplifiers can find application as components in LIDAR systems using pulsed Nd:YAG sources. Nd3 also has emission in the l300nm region, which is suitable for the second telecommunications window. Unfortunately, there is an excited-state absorption which makes it difficult to obtain significant net gain, and the strong emission around lO6Onm also needs to be suppressed. No Nd3-doped waveguide amplifiers have been reported in this wavelength region.
Er-doped lasers and amplifiers
E-dopedlasers and amplifiers have an obvious application in telecommunications systems operating in the third window around I 530nm. There is a need for stable, high-power, low-noise sources in an inexpensive technology, with narrow linewidth and frequency stability highly desirable for use in WDM-based networks. Similarly, the performance ofoptical networks can usually be improved through the use ofoptical amplifiers to enhance the effective receiver sensitivity; with the increasing use of WDM, fiat gain over the wavelength range used is an important consideration.
Despite these attractions, Er3-doped waveguide devices were not demonstrated until two years alter Nd3-doped lasers. There are several reasons for this. Unlike Nd3, the Er3 system is strongly 3-level, which means that it must be approximately 50% inverted to show net gain. The absorption and emission cross-sections in Ei-are substantially lower than those of Nt1. The maximum concentration of Er in glass tends to be quite limited; at even moderate concentrations, the Er3 ions tend to cluster, an effect which exacerbates parasitic ion-ion interactions which shorten the fluorescence lifetime at high inversion levels. Finally, the 980nm pump wavelength of Er3 is attainable only by strained MQW lasers, which were until recently limited in their output power. All of these factors conspire to make the EF3 system difficult to operate and wasteful of pump power. Compared to short waveguide devices, EDFAS are much less affected by these factors; they can be very long with low dopant concentration, so that high fluorescence lifetimes are combined with efficient pump absorption, and the erbium can easily be confmed to the regions ofmaximum pump intensity.
The first waveguide Er3 like the ñrst Nd3 ones, were made in FF11)39 and in Nb34° technologies, in I 991 . The first ion-exchanged device was realised in 1992, using K-Na exchange in Schott BK7 glass, a borosilicate.4' As a consequence of the difficulties described above, the device showed a poor slope efficiency (0.55%) and high threshold (150mW of launched 980nm pump power). The laser operated single-transverse-mode at 1540nm.
The smooth spectrum ofEr-doped glass, and the low polarisation-dependence, make the FHD and ion-exchange technologies well-suited to the fabrication ofoptical amplifiers. In 1993, Corning Europe published a conference report ofa TlFexchanged waveguide amplifier.42 Work continued on this device into 1994 in the European Union RACE project LIASON to realise "lossless splitters" (in which an optical amplifier compensates for power reduction through splitting) for optical networks. It quickly became clear that the bulk-doping ofion-exchange hosts is a serious drawback for Er-doped amplifiers. As the pump intensity dims towards the edges ofthe guided mode, the Er inversion level drops, and the material becomes a net absorber, reducing the gain and increasing the noise figure for the device. To overcome this, it was necessary to use high NA waveguides to raise the pump intensity across the mode. Since it was also necessary to use rather long, coiled waveguides, 20cm or more in length, waveguide propagation losses ofO.ldB/cm become significant. In a 23cm device, an internal gain of about 9 dB was obtainedfor an incident 980nm pump power of23OmW.43 This is much poorer than the performance ofEDFAs and even of HIDdeposited silica-on-silicon devices,44 and below the specifications for the CATV and PONS applications envisaged. Ultimately the Er-doped system was dropped in favour of an Er/Yb co-doped system which gave superior results, as discussed below.
The ultimate intention ofthe LIASON partners was to fabricate a device with pump/signal multiplexing on the integrated optical circuit; this also has potential problems because ofthe 3-level Er system, so that ifthe signal encounters unpumped Er before the multiplexer it will be absorbed. To solve this problem, Corning Europe developed a technique forjoining doped and undoped sections ofglass,45 so that the non-amplifying components, such as the multiplexer and the passive splitter, can be fabricated in an Er-free region. The boundary between the doped and undoped regions is sufficiently diffuse that there is no effect on the waveguidingproperties. Coming also applied thermal tapering to expand the waveguide modes for improved coupling to standard single-mode fibres, while retaining the tightly confined mode required for optimum ñinctioning ofthe amplifying section.9
Since one ofthe advantages ofion exchange is the possibility ofusing any ofa wide range ofglass compositions, the LIASON partners considered the effect ofhost upon spectroscopy. Given the high EI-concentrations typical ofEDPAs, it is important to try to minimise the deleterious effects ofupconversion, in which two excited Er ions exchange energy with the ultimate result that one excitation is lost to heat25 It is a peculiar consequence of Judd-Ofelt analysis, an approximate theoiy of rare-earth spectroscopy, 25 that in the case ofEr the strengths ofthe desirable transitions for pumping and emission and the undesirable Iransition which gives rise to the upconversion interaction scale together. The implication ofthis is that there is no point in seeking a host in which upconversion is absent. It is a more general consequence that the amplifier behaviour of all Er-doped hosts is to first order the same (in the absence of ion clustering or impurity quenching sites). To second order, there may be differences, in that the transition spectra may be more or less broad, and more or less flat.
Er/Yb3 co-doped lasers and amplifiers
One of the drawbacks of Er as an optically active ion is its low cross-section for pump absorption. In some circumstances, it is advantageous to co-dope the glass host with Yb. Yb has an extremely large cross-section for absorption around 980nm;
it has a long fluorescence lifetime, and is able to transfer its excitation efficiently to Er3' by non-radiative interactions. As long as the Er ion decays rapidly to its metastable level, backtransfer of excitation to the Yb3 will not be a problem. The rate of decay of Ei from the 4Jtothe 4J3 level depends upon the phonon energy of the host; phosphate glasses are generally better suited than silicate glasses as hosts for these co-dopants because they have higher phonon energies.
The first Er3iYb3 amplifier was reported in 1995, based on single-mode waveguides fabricated by Ag -ion exchange in a phosphate glass. The guides were 4.4 cm long, and gave a net gain of 6dB for 160mW of launched pump power. This technology has since been improved to give about 10dB of net gain for 120mW of injected pump power at 980nm.47
At about the same time as this first reported amplifier, two groups reported Er/Yb3-codoped lasers in silicate-based glasses, a rather unusual system.'49 Backtransfer was not a problem because the ratio ofEr to Yb was relatively high, compared to the ratio used in co-doped fibre. While the slope efficiencies were rather poor, no better than 5.5%,demonstration oflasmg of this system in a silicate glass was promising. Soon afterwards, the technology was extended5° to realise waveguide amplifiers with propagation losses below 0.1 dB/cm and mode diameters of5-6pim, giving almost 10dB offibre-to-fibre net gain for 120 mW of incident 980nm pump power. This performance is essentially the same as for those made in the phosphate glass. Taking account ofthe scope for optimisation in the rare-earth ion concentrations and in the device length, such performance is in principle sufficient to permit lossless splitters with up to 1x16.
Compared to purely Er-doped material, the effect ofthe Yb co-dopant is greatly to enhance the effective pump-absorption cross-section ofthe Ei, so that the pump inverts the Er much further out into the modal tails. In the case ofthe silicate glasses, co-doping with y3 appears to permit highEr concentrations without clustering, so that short devices can be realised. This reduces the significance ofwaveguide propagation losses. With these advantages ofco-doping, the cost ofpower loss through y3 fluorescence can easily be borne.
3.3 Ion-exchanged devices incorporating laser and amplifier components
Nd3-doped devices
As is the case with Nd3-doped waveguide lasers generally, ion-exchanged versions have been incorporated in a number of more complex devices, some involving bulk components51'2 and others fully integrated. In the latter category are y-junction lasers, in which a coupled cavity configuration is used to obtain line-narrowing355. In combination with a thermooptic element to control the optical path length in one ofthe y-branch arms, wavelength tuning and Q-switching have been demonstrated, although singlefrequency operation has proven elusive. Single-longitudinal-mode operation has, however, been demonstrated using a Bragg grating as one ofthe output mirrors ofa Fabry-Perot laser.'8
Ert.doped and Er'/Yb-co-.doped devices
While Er-doped ion-exchanged waveguide lasers have remained simple, other technologies have been used to realise sophisticated devices.56'57 Ion-exchanged amplifiers have, however, been integrated with a 1x2 splitt&° and connected by fiber pigtail to a 4x1 wavelength combiner. These amplifiers have also been tested in laboratory mock-ups ofoptical communications systems.58'59 The performance is reasonable, although the pump power required is high (in excess of 100mW for the necessary gain). In one EU ACTS project, TOBASCO, the work started in LIASON continues with the ann of achieving better amplifier onnance and combining it withlossless splittingraüos higher than the 1x2 so far demonstrated. The overall aim ofthis project is to develop a WDM optical access network based on an existing CATV system, and work is underway to combine the waveguide lossless splitters with gain-flattening elements.
RELEVANT DEVELOPMENTS IN OTHER AREAS
There have been demonstrations ofion exchange in exotic glasses, chosen for their non-linear coefficients° or their ability to act as saturable absorbers.6' It would be very interesting to combine the properties ofsuch glasses with rare-earth-doped lasers, to yield, for example, passively Q-switched sources. On a more speculative note, one recent exciting development has been the demonstration of induced second-order non-linearities in silica fibers through the production of electrets.62 Although it is difficult to see how a highly stable space charge field is compatible with an ion-exchangeable glass, it would open up a wide range of possibilities if components for electrooptic control could become part of the toolkit of integrated optics in glass.
In a different area, recent years have seen the introduction of excimer lasers as powerthl tools for surface processing, both in research and in industry. Such devices afford the means for overcoming the problems of buried waveguides -one can rapidly dig down to expose the evanescent field in a small area, and one can machine complex and precise structures. The characteristics of excimer lasers -beam quality, coherence, power, reproducibility -will inevitably improve, especially in the more immature 193nm sources, enlarging the scope for low-cost, rapid machining of integrated optics.
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CONCLUSION
The last seven years have seen numerous demonstrations of Nd3-and E? -doped waveguide lasers and amplifiers, in ionexchanged format as well as in other technologies. Many ofthe components to realise sophisticated devices have been separately demonstrated in ion-exchanged integrated optics, but they have not been combined with active sections. The lack offast electronic control also remains a drawback.
Despite recent successes, it is noteworthy that no commercial applications for integrated optical waveguide lasers yet exist. In contrast, rnicrolasers and fibre lasers are commercially established. The applications in which they are successftil are for relatively high powers, and demand nothing more sophisticated than CW or Q-switched output at one wavelength range. It seems likely that integrated optical lasers, in whatever technology, will be commercially viable only in applications that demand multifunctional, controllable sources with moderate powers. Such an application might be frequency-stable, or tunable, comb sources for WDM telecommunications systems. A low-cost device ofthis type might fmd extensive application in the local loop.
Planar optical amplifiers also remain laboratory subjects. Significant progress has been made in developing EDPAs, but their performance still falls short of fibre devices. Planar amplifiers operating at l300nm await the development of suitable host glasses, but in the absence of a successful fibre-based amplifier might be more competitive than EDPAS.
lithe pace ofwork continues, it is likely that by the end ofthe decade versatile integrated optical lasers and amplifiers will exist, many ofwhich willbe based on ion-exchanged waveguides. Ion exchange continues to hold out to the optical engineer the promise of sophisticated devices with robust performance at low cost. 
